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Letters

Carrier-Based Generalized Discontinuous PWM Strategy for
Single-Phase Three-Legs Active Power Decoupling Converters

Junzhong Xu
Fei Gao

Abstraci—Three-legs active power decoupling (APD)
converters are widely studied in the single-phase grid-
connected systems to enhance the circuit lifetime by creat-
ing an alternative path for the typical existing dc-side power
pulsating ripple. Therefore, this reduces the requirement of
smoothing dc capacitors allowing compact designs even
with the implementation of long life metalized film technol-
ogy. In this article, to allow enhancement of the system
power density by improving power conversion efficiency
and thus reducing the requirement of thermal management
of the semiconductors, a carrier-based generalized discon-
tinuous PWM strategy is proposed. This method detects
the converter ac currents and ac reference voltages to de-
termine the optimum clamped duration in each one of the
three bridge-legs, which will minimize the converter overall
switching losses. The proposed modulation method is an-
alyzed and validated on a PLECS simulation and a 2 kVA
single-phase three-legs APD converter.

Index Terms—Active power decoupling (APD), discontin-
uous pulsewidth modulation (DPWM), single-phase.

[. INTRODUCTION

HE inherent ripple power in the conventional full-bridge
based single-phase ac—dc converter results in an undesir-
able low-frequency voltage ripple on the dc-link, which can
degrade the system performance in terms of ac current dis-
tortion, and reliability [1]. To address this significant issue,
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Fig. 1. Three-legs APD converter circuit.

a single-phase three-legs converter operated with an intrinsic
active power decoupling (APD) circuit (c.f. Fig. 1) was proposed
in [1]-[4]. This comprises the conventional full-bridge ac—dc
converter and an auxiliary bridge-leg offering an alternative path
for the dc ripple power to flow through additional energy storage
components at the ac side. This enables a considerable reduction
on the requirement of smoothing electrolytic capacitors on the
dc-link [5]-[8]. This particular concept has attracted consider-
able attention in recent years because when compared to other
APD circuits it has reduced components count, lower semicon-
ductor losses, and less current and voltage stresses on the added
storage capacitor Cy.[7], [8]. However, as for all other APD
circuits, the additional auxiliary power decoupling functionality
incorporates extra power losses to the ac—dc converter, which
will lower the power conversion efficiency when compared to
the conventional full-bridge converter.

To relieve this problem, this work proposes a carrier-
based generalized discontinuous pulsewidth modulation (CB-
GDPWM) strategy for the single-phase three-legs APD con-
verter. The topology circuit and its corresponding control
scheme [5]-[8] are shown in Fig. 1. The proposed algorithm
is able to adjust the clamping interval in which the switches
of the bridge-legs stop switching based on the instantaneous
value of the phase currents and reference voltages. With such
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a characteristic, the proposed strategy can realize the minimum
switching losses action at any instant, thus improving the power
efficiency and power density of the system, e.g., by reduc-
ing the semiconductor thermal management requirements. It
is noted that in the literature available today the modulation
strategies studied in the three-legs APD converters are based
on the continuous PWM methods, e.g., space-vector PWM
(SVPWM) and sinusoidal PWM (SPWM) [5]-[7]. To the best of
the authors’ knowledge, no literature work has applied discon-
tinuous PWM (DPWM) methods into the single-phase ac—dc
converter with APD functionality. Different from the existing
DPWM strategies [9]-[12], which are widely studied in balanced
and symmetric three-phase three-wire applications, such as in
motor drives and grid-tied converters, herein, in a three-legs
single-phase ac—dc implementation, the reference voltages seen
by each bridge-leg of the system are naturally unbalanced and
asymmetrical, and the peak value of the ac current is particularly
difficult to predict.

In this article, the proposed CB-GDPWM strategy is studied
and compared with the SVPWM [5] and the classical DPWM
method, i.e., DPWMI, which is initially proposed for the three-
phase balanced system in [9]. The benchmarking is carried
out considering power conversion efficiency, dc rms current
value, and ac current total harmonic distortion (THD), using
both PLECS-based simulation and experiments in a 2 kVA
single-phase three-legs APD converter. Herein, to verify the
practicability of the proposed method the circuit is operated
as a rectifier, processing active and reactive power, and solely
processing reactive power in STATCOM mode.

[I. WORKING PRINCIPLE OF THE PROPOSED METHOD

The proposed CB-GDPWM is based on the general control
structure with power factor control and ac power compensa-
tion [5], [6], where the magnitude and phase of of the voltage
across the added capacitor Cye (uf,.), as Uge and Oy, are
determined by (1)—(4) [5], so the APD circuit is able to absorb
the double-frequency ripple across the dc-bus

1
Ucac = \/Pab2w (wcac

Bcac = 0.5 @)

Pap 2w = \/ (UseIa)? + (WLoo I2)? + 2w Lo Upe I3 sing  (3)

- ch> ey

~Upela cos @ — wLy I? sin(2¢)

“

Pab = arctan Uae I sinp — wLy I2 cos(2¢)
herein, U, and I, are the peak value of the grid voltage and
current, respectively; w is the grid angular frequency; Cy. is
the ac capacitor used as part of the auxiliary energy storage of
the power converter; L,. and L. are the inductors, which are
connected to the phase leg a and c; ¢ is the phase angle between
Ugae and 7.

The proposed CB-GDPWM modulator depends not only on
the converter reference line-to-line voltages (u}, and u};), but
also on the phase currents passing through the converter (i,, i.,
and 7, = —i, — 7). First, the converter reference voltages (u,

( Get uy, u, u) and iq, iy, i )

Gt [uya]* = min([ug, [u7 . [uz]) and [in| = max(fial, i), [icl), m, m € {a, b,c}

lip| > liq]
p,q € a,b,cand p,q #n

[u,* = u,*l]

( ug = sign(uy) - Uge/2 — uf )

Fig. 2. Flowchart of the proposed CB-GDPWM to decide the zero-
sequence signal of the modulation waveform.

uy,, and u) can be determined by

gt - 2ugy—ugy
Uy = Uy + U, = —5 °
* _ o+ — L TUgp Uy
up = Uy + Uy, = *3+2* 5)
* o+ — . TUgp AUy
uc_uc+uc_ ag .
uy +up, +ul =0 (6)

where, u;" and u, (z € {a,b,c}) are the positive and negative
sequence components of each converter reference voltage, re-
spectively. Due to the three-phase three-wire system without
zero-sequence component, the relation in (6) is still valid. There-
after, the zero-sequence signal of the modulation waveform can
be determined by

Upg = Sign(u;ﬁ) . UdC/2 - u: IS {CL, b7 C} (7N

where, v} is the selected reference voltage to be clamped. The
principle of u; selection is illustrated in Fig. 2. If the magnitude
of the phase reference voltage with maximum phase current
is not lower than the other two phases, this reference voltage
is selected as w;. Otherwise, one of the other phase reference
voltages with larger current magnitude is used. Finally, the
modulation waveforms u;*, vy, and u;" of the CB-GDPWM
method are obtained to be compared with the PWM triangular
carriers:

*%

uy =u, +up x € {a,b,c}. (3)

Fig. 3 shows the simplified illustration of the proposed PWM
method in the APD converter operating with different ¢ in
rectifier mode. If the instantaneous value of current is lower
when the switching device is acting, the switching loss will
also be lower [9]. It is indicated that not only the reference
voltages, but also the measured converter currents are important
to determine the optimal clamped intervals in the CB-GDPWM
strategy. If only the voltage references are used to choose the
clamping region as the method proposed in [9], i.e., without
the information of the converter current, the obtained DPWM
strategy can not achieve the performance of minimum switching
losses, because the clamped switches are not always matched
with the phase-leg with the maximum current [10]. By using
only the measured currents, the phase reference with minimum
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Fig. 3. Simplified illustration of the proposed CB-GDPWM: rectifier
mode at (a) ¢ = 0°, and (b) ¢ = 45°.

voltage magnitude and maximum phase current magnitude can
be selected, which will cause the problem of overmodulation in
another phase and affect the waveform quality.

Therefore, the clamped interval of the proposed method for
each phase can be placed around the highest value of the con-
verter current whose corresponding reference voltage is allowed
to be clamped. This will lead to an optimal reduction of the
semiconductor switching losses.

[Il. SIMULATION AND EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed CB-GDPWM,
a PLECS based circuit simulation and a 2 kVA single-phase
three-legs power conversion system controlled by the Texas In-
struments TMS320F28379D based on the Fig. 1 control diagram
is designed. In both simulation and experiments, the rms value
of the input grid voltage is 220 V,,s/50 Hz (purely sinusoidal
without distortion); the output dc voltage is 400 V; the switching
frequency f is set as 40 kHz; SiC MOSFETs from Wolfspeed
C3MO01200907J [13] are used; the grid side inductance is L,. =
1.44 mH and that for the ac capacitor side is L, = 1.15 mH;
the dc capacitance is 135 uF; the ac capacitance is designed to
be 130 pF based on (9), where Ucye(max) = Uae = 220V, and
Smax = 2kVA is the maximum apparent power that the con-
verter is designed to process. Traditional SVPWM and DPWM1
methods are benchmarked in this section, whose zero-sequence
signal generation can be found in [5], [8], and [9].

_ SmaX
T wU? ’

cac(max)

Cac 9

A. Simulation Results

Fig. 4 shows the simulation results of the transient responses
when the APD controller is enabled at ¢ = 0.2s with CB-
GDPWM and DPWMI1 operating at ¢ = 0°. A resistive load
of 802 is connected on the dc side, and the total output power
at this moment is 2 kW. It can be seen that the traditional
DPWM methods can also be applied into the three-legs APD
converter with proper zero-sequence signal injection. However,
the position and length of the clamped time of .S, for DPWM1 in
Fig. 4(b) are different from that for the CB-GDPWM in Fig.4(a),
because the clamped phase of DPWMI is only decided by the
reference signal with the largest voltage magnitude.

T

o5 0.
0.18 0.20 0.22 0.24 0.26 0.18 0.20 0.22 0.24 0.26
Time (s) Time (s)
(a) (b)
Fig. 4.  Simulation results of the transient responses when enabling the

APD at t = 0.2 s with: (a) CB-GDPWM (b) DPWM1.
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Experimental setup.

Fig. 5 presents the performance comparison in terms of
switching losses, dc current, and ac current THD obtained in
the circuit simulation. The apparent power is kept constant
by current control loop with the setting up of the grid cur-
rent rms reference value i, as 9.09 A,,s. In Fig. 5(a), the
switching energies for turn-ON (E,,,), turn-OFF(E,g) and diode
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Fig. 7. Experimental results of the APD converter, rectifier mode at S, ~ 2kVA with (a) CB-GDPWM, ¢ = 0°, (b) DPWM1, ¢ = 0°, (c) CB-

GDPWM, ¢ = 15°, (d) CB-GDPWM, ¢ = 45°, and STATCOM mode with (e) CB-GDPWM, I, = 5A;ns, (f) CB-GDPWM, I, = 10A,s. Note that
the zoom function of the oscilloscope is used to show the details of the highlighted section of the experimental waveforms.

reverse-recovery (F,,) from the data-sheet [13] are built into the
loss model of the switches in the simulation. As expected, the
switching losses for CB-GDPWM is lower than that for SVPWM
and DPWMI over all ¢ range. Fig. 5(b) shows the influence of
different PWM methods on the dc rms current. It can be seen
that the obtained values are almost the same, because DPWM
methods do not use another active vectors to replace the zero
vectors, hence it results in a low impact on the dc side current
ripple [12]. Fig. 5(c) and (d) compares the current THD of 7,
and i, respectively. SVPWM has the lowest current THD value
among all PWM methods, while DPWMI is relatively larger
than that for the CB-GDPWM. However, as seen in Fig. 5(a),
the CB-GDPWM method is able to reduce nearly 50% of the
switching losses in comparison with the SVPWM, which means
the fs; of CB-GDPWM can be doubled under equivalent total
system switching losses. As a result, the current THD of the
circuit implementing the CB-GDPWM with doubled f; [dotted
line in Fig. 5(c) and (d)] becomes lower than that for SVPWM.

B. Experimental Results

The experimental setup is shown in Fig. 6. The average dc
voltage in all experimental cases is controlled at 400 V. Fig. 7
shows the experimental results of the converter with the pro-
posed CB-GDPWM working as rectifier and STATCOM cases
with the waveforms before and after the APD circuit is enabled

to work with an apparent power of S, ~ 2kVA. Fig. 7(a) and
7(b) are the experimental results for CB-GDPWM and DPWM 1
at ¢ = 0° with the restive load of 80 €2. Fig. 7(c) and (d) are
the experimental results for the CB-GDPWM at ¢ = 15° and
o = 45°, where the resistance of the load is changed to 83 €2 and
113 €, respectively, to keep S, ~ 2kVA. Fig. 7(e) and (f) is the
experimental results for STATCOM mode with CB-GDPWM,
where ¢ is fixed at 90° with two different settings of output
currents, 5 A, and 10 A, 5.

The results in Fig. 7 demonstrate that the average dc voltage
in all cases is stable at 400 V. It can be seen that without the
APD circuit, the voltage ripple at the dc-link is particularly high
with the implemented 135 uF dc capacitor, which comprises a
relatively low value of smoothing dc capacitance. This dc voltage
ripple deteriorates the performance of the current control loop
and the ac side current becomes distorted. By enabling the APD
circuit with the ac power compensation components, the ripple in
the dc voltage reduces remarkably and the ac current waveform
shape improves as well. Note that the proposed CB-GDPWM
method can adapt well to the changes of the set phase angle ¢,
and the switching signal .S, is clamped along different intervals
with different duration depending on the currents. The APD
converter can also work well in the experiment with DPWMI.
As predicted in the simulation, the clamped duration time of .S,
for DPWMI in Fig. 7(a) is shorter than that for the proposed
CB-GDPWM method, and is not around the peek current of
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power losses with CB-GDPWM based APD converter, which
confirms the validity and superiority of the proposed modulation
method.

IV. CONCLUSION

This work was proposed a CB-GDPWM for a single-phase
three-legs APD converter. The proposed method was based on
the detection of the current position relative to the reference
ac voltage. This modulator adaptively clamps the switching
device that conducts the largest current whose reference voltage
can be clamped at any instant, which leads to the optimum
clamped duration to obtain a minimum switching losses. The
experimental results not only verified the effectiveness of the
proposed method, but also showed its superior performance over
the conventional SVPWM and DPWMI studied in the existing

TABLE |
COMPARISON OF THE MEASURED EXPERIMENTAL RESULTS
Mode %) PWM THD AP Efficiency
SVPWM  2.19% 629W 96.9 %
0° DPWM1 292%  52.8W 97.4 %
GDPWM  2.74% 49.7W 97.6 %
Rectifier SVPWM  205% 572W 97.0 %
15° DPWMI 312%  48TW 97.5%
GDPWM 296 % 46.3W 97.6 %
SVPWM 1.95% 559W 96.2 %
45° DPWMI 338% 46.1W 96.8 %
GDPWM  2.52% 445W 97.0 %
STATCOM SVPWM 2.58 % 32.6 W -
@5A 90° | DPWMI 4.07% 273W -
GDPWM 394 % 251W -
STATCOM SVPWM 1.26% 573W -
@10A 90° | DPWMI 331% 533W -
GDPWM  296% 45.6 W -

1,. It is noted that with both studied DPWM methods, it exists
a small distortion on ¢, and i3, because these methods generate
low-frequency harmonic components in u.1,, which can be close
to the resonance frequency of the ac storage components, i.e., L.
and C,.. This is also found in balanced three-phase three-wire
ac—dc converters as shown in [14] and [15]. However, the current
distortion in the studied single-phase circuit is confined within
the APD circuit and the bridge-leg b, as seen in ¢, and i;. There-
fore, there is no noticeable distortion to the grid side current
1, in all experimental cases, as seen in Fig. 7. All experiments
verify the feasibility of the proposed CB-GDPWM working with
the APD converter and it proves the adaptive character of the
proposed modulator.

Table I shows the power losses and the efficiency of the APD
converter working with SVPWM, DPWM1, and the proposed
CB-GDPWM for both rectifier and STATCOM modes. The total
power losses AP = P, — Py, current THD, and the power
efficiency are measured by the power analyzer YOKOGAWA
WT500. The difference between the real power flowing into
the converter and that out of the converter can be regarded
as an estimation of the total losses in the converter, including
the switching devices and filters. For STATCOM mode, the
output active power is zero, thus the measured input active
power represents the circuit loss. As shown in Table I, with
DPWM methods, the power efficiency of the converter can be
improved remarkably compared to the commonly employed
SVPWM method, and the proposed CB-GDPWM is able to
further reduce the losses and increase the power efficiency in
comparison with DPWMI. Moreover, with the implementation
of DPWM methods, the current THD will be increased for all
cases. Since only the harmonics components below the 50th
order are considered in the power analyzer, the measured current
THD results are lower than the one obtained from the simulation
results in Fig. 5. It can be seen that the current THD for the CB-
GDPWM method is generally better than DPWM1, and the dif-
ference between CB-GDPWM and SVPWM is relatively small
in the experiments. All experimental cases show the reduced
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